Abstract Gordonia amarae, a filamentous actinomycete, commonly found in foaming activated sludge wastewater treatment plants was investigated for its biosurfactant production capability. Soluble acetate and sparingly soluble hexadecane were used as carbon sources for G. amarae growth and biosurfactant production in laboratory scale batch reactors. The lowest surface tension (critical micelle concentration, CMC) of the cell-free culture broth was 55 dynes/cm when 1,900 mg/L acetate was used as the sole carbon source. The lowest surface tension was less than 40 dynes/cm when either 1% (v/v) hexadecane or a mixture of 1% (v/v) hexadecane and 0.5% (w/v) acetate was used as the carbon source. The maximum biomass concentration (the stationary phase) was achieved after 4 days when acetate was used along with hexadecane, whereas it took about 8 days to achieve the stationary phase with hexadecane alone. The maximum biosurfactant production was 3 × CMC with hexadecane as the sole carbon source, and it was 5 × CMC with the mixture of hexadecane and acetate. Longer term growth studies (~ 35 days of culture growth) indicated that G. amarae produces biosurfactant in order to solubilize hexadecane, and that adding acetate improves its biosurfactant production by providing readily degradable substrate for initial biomass growth. This research confirms that the foaming problems in activated sludge containing G. amarae in the activated sludge are due to the biosurfactant production by G. amarae when hydrophobic substrates such as hexadecane are present.
Introduction
Gordonia (formerly Nocardia) amarae has been identified as one of the most common bacterial species in the activated sludge, and it came into prominence when it was found to be responsible for the formation of biological foam in the activated sludge process. The anecdotal hypotheses for its foaming in activated sludge were that the G. amarae filaments are hydrophobic due to high levels of mycolic acids in their cell walls, and they produce extracellular enzymes that are surface active. The first hypothesis was tested by Pagilla et al. (1998) by chlorinating the activated sludge containing high levels of G. amarae filaments and then foaming the sludge with fine bubble aeration. It was found that the chlorinated activated sludge containing G. amarae had greater foaming potential and foam stability than the un-chlorinated activated sludge suggesting that the G. amarae cells are hydrophobic and are responsible for foaming in activated sludge whether they are viable or not. The second hypothesis was initially suggested by Pipes (1978) that these actinomycetes produce a surface active lipid material that stabilizes the air bubbles produced during aeration of activated sludge, thus causing foam. However, the production of this hydrophobic surface active extra-cellular material by G. amarae has not been confirmed as the cause of foaming. The hypothesis seems plausible because of two reasons. First, it was found that cell-free suspensions of G. amarae were low in surface tension like a detergent solution (Blackall, 1986) . Second, in order for G. amarae to survive in the foam layer of the activated sludge and degrade hydrophobic materials in the foam, it must be able to produce extracellular enzymes that can solubilize the hydrophobic materials. It is widely believed that microorganisms release surface active biosurfactants when they grow at the expense of water insoluble substrates. In order to use the hydrophobic substrates as their carbon source, the microorganisms have to emulsify them by releasing emulsifying agents that are biosurfactants. In fact, the biosurfactants are considered to be metabolic intermediates that are eventually biodegraded by the microorganisms. Hence, it is possible that the fats, greases, and oils along with the readily biodegradable components in wastewater may be stimulating the production of biosurfactants in activated sludge by bacteria such as G. amarae. It can be inferred from foaming problems in the activated sludge process that even low levels of G. amarae (< 3% of total bacteria) have been able to produce enough surface active material to create persistent foam when compared to synthetic surfactants as high as 1 mg/L in municipal wastewater that do not cause any foaming (Pagilla et al., 1996) . Both hydrophobic G. amarae cells and the biosurfactants produced by them may be contributing to the stability of foam in the activated sludge.
The growth and control of G. amarae in the activated sludge has been well described in the literature (Pitt and Jenkins, 1990; Cha et al., 1992; Blackall et al., 1991; Pagilla et al., 1996 Pagilla et al., , 1998 and Fainsod et al., 1999) . The main objective of this paper is to determine the ability of G. amarae to produce biosurfactants using a readily biodegradable substrate (acetate) and an n-alkane (hexadecane), and the extent of biosurfactant production. If the biosurfactant quality and quantity are comparable to synthetic surfactants, G. amarae may be useful in beneficial production of biodegradable biosurfactants.
Materials and methods

Cell maintenance
Gordonia amarae strains isolated from foaming activated sludge (Blackall et al., 1991) were grown in 250 ml flasks provided with pure oxygen under a laminar flow hood at room temperature (25°C). The strains were maintained in a mineral salt medium containing acetate as the carbon source. The contents of the growth medium are described in Blackall et al. (1991) . To maintain a healthy supply of G. amarae, agar plates were streaked with inoculated bacteria and incubated at 35°C. The composition of agar plate medium includes (per L/distilled water): yeast extract, 10 g/L; glucose, 10 g/L; and agar, 15 g/L.
Biosurfactant production by Gordonia amarae
The experiments for the production of biosurfactant were conducted in 8 L batch reactors with a sampling port at the base and a working volume of 3 L. Dissolved oxygen was provided by bubbling zero grade pure oxygen (Air Products, Chicago, IL) into the culture broth, and the reactor contents were mixed with a magnetic stirrer. Three types of substrate were used -sodium acetate, hexadecane, and mixture of sodium acetate and hexadecane. The mineral salt medium was kept the same as that used for inoculation. After the autoclaved reactor came to room temperature, the sterilized medium was inoculated with G. amarae that was being acclimated to acetate or hexadecane or the mixture of both depending on the carbon source. Inoculum volume was 5% of the total medium volume. The medium was allowed to mix for one hour before the first sample was withdrawn. This was taken as time zero or the beginning of the experiment. After that, sampling was done every 12 hours for the first 3 days till the lag phase was over, then every 24 hours till the stationary phase was reached, and then every 48 or 72 hours during the decay phase.
Analytical methods
The biomass concentration was determined as total suspended solids concentration (TSS) using the gravimetric method after the culture broth was autoclaved. The chemical oxygen demand (COD) of the broth was measured as per Standard Methods (1992) procedure adopted by Hach Chemical Company (Loveland, CO). Surface tension of the cell-free sample was measured by upward pull method using a Du Nuoy ring tensiometer (Fisher Scientific, Model 70535) equipped with a 6 cm diameter platinum-iridium ring. To measure the critical micelle concentration (CMC) surface tension of the biosurfactant, a graphical method was used. A known volume of sample was diluted with increasing amounts of distilled water and surface tension was measured for each dilution. The CMC was estimated from a plot of surface tension (dynes/cm) measurements versus the logarithm of the dilution factor. The point of intersection between the descending line and the approximately horizontal line where surface tension measurements have leveled off to the lowest value gave the CMC point. The reciprocal of the dilution factor to achieve CMC surface tension is proportional to the amount of biosurfactant produced. The concentration of trehalose lipid, which is one of the components of the biosurfactant produced by G. amarae was determined by the anthrone method (Hodge and Hofreiter, 1962 ) using α-α-trehalose as standard.
Results and discussion
The initial experiments conducted using sodium acetate as the sole carbon source (1,900 mg COD/L) showed that the G. amarae stationary growth phase is reached in about 6 to 7 days producing biomass yield of about 0.38 mg TSS/mg COD removed (65% COD was consumed). The surface tension decreased from 70 dynes/cm to 55 dynes/cm, indicating that sufficient biosurfactant is not produced when acetate is the sole carbon source. Both synthetic and biological surface active materials are considered surfactants when they can reach the lowest surface tension of less than 40 dynes/cm. Further experiments were run using 1% v/v pure hexadecane and a mixture of 1% v/v pure hexadecane and 0.5% w/v sodium acetate trihydrate. Figure 1(a) shows the growth curve of G. amarae for hexadecane alone and for a mixture of hexadecane and acetate as carbon source. With hexadecane as sole carbon source, it took longer for G. amarae to reach the stationary phase compared to acetate or acetate + hexadecane as the sole carbon source. This could be because when a mixture of hexadecane and acetate was used as carbon source for microorganisms, acetate being easily available helped in faster acclimatization of bacteria. Although it is possible that G. amarae can grow solely on readily biodegradable substrates such as acetate, the presence of hydrophobic substrates such as hexadecane are needed to produce significant levels of biosurfactant.
Figures 1(b) shows surface tension of cell-free broth with respect to time for hexadecane and hexadecane + acetate as substrate. As in the case of biomass concentration, the surface tension of hexadecane + acetate culture broth reached its minimum value faster than when hexadecane alone was used. In both cases surface tension decreased to about 39 dynes/cm. The initial value of about 60 dynes/cm for the broth, as shown in Figure 1(b) , was due to lowering of surface tension from 69 dynes/cm upon inoculum with G. amarae acclimated in hexadecane. Dilution tests performed to determine the concentration of the biosurfactant showed that the maximum biosurfactant production was 3 × CMC for hexadecane, and 5 × CMC for hexadecane + acetate. Table 1 shows the levels of biosurfactant production as ×CMC for both substrate conditions as a function of cell culture age. It can be seen that the maximum biosurfactant production occurs after the stationary growth phase is achieved (~ 9 days).
Once it was acertained that G. amarae was capable of producing biosurfactant in the presence of hexadecane, further experiments were run to study the behavior of G. amarae over longer periods of time. After reaching the stationary phase, instead of entering the decay phase of growth cycle, the biomass concentration decreased slightly and then became stationary (Figure 2 ). This phase existed for more than 30 days. This was probably because of gradual availability of substrate to the microorganisms. Initially, the soluble hexadecane and/or acetate in the broth allowed the biomass to grow and produce biosurfactant, and the biosurfactant produced solubilized the hexadecane. As the soluble hexadecane is depleted, the organisms produce increased levels of biosurfactant, and in turn increase hexadecane solubilization. The biosurfactant itself may also be serving as a carbon substrate for growth after the biomass concentration reached its peak. This type of pattern allows hexadecane to be bioavailable over an extended period of time. The slow availability of the hexadecane in the broth kept the biomass in the stationary phase till all the substrate was used up and the decay phase set in. Both anthrone-positive lipid and residual COD measurements confirmed the cyclic pattern of biosurfactant production and (Figures 2b, 3a, and 3b) . In this cyclic pattern, lipid concentration and COD concentration decrease and increase corresponding to the consumption and synthesis of biosurfactant by G. amarae. After 35 days of growth when all the hexadecane has been solubilized, a decrease in COD and anthrone-positive lipid concentration and an increase in surface tension above 40 dynes/cm was observed. The anthrone-positive lipid concentration in the cell-free culture broth was nearly equal to the total, indicating that most of the biosurfactant is released into the liquid broth for both hexadecane and hexadecane + acetate (Figures 3a and 3b) . The ability of G. amarae to use the biosurfactant for growth was determined by conducting experiments with the biosurfactant as the sole carbon source. Cell-free biosurfactant produced during the earlier experiments (after 12 days culture time) was inoculated with G. amarae and allowed to grow. The cell mass concentrations increased from 400 mg/L to above 1,200 mg TSS/L within 8 days of growth indicating that the biosurfactant can serve as sole carbon source for growth of G. amarae, and hence the biosurfactant is biodegradable.
The findings of this research include: G. amarae produces biosurfactants in the presence of hydrophobic substrates such as hexadecane, the biosurfactant production is much more when both acetate and hexadecane are present, and the biosurfactant produced can be utilized as the sole carbon source by G. amarae. The fact that the surface tension could not be lowered below 55 dynes/cm with acetate as sole carbon source and as much as 5 × CMC biosurfactant production was seen with hexadecane by G. amarae pure cultures suggest that hydrophobic components in wastewater may stimulate the production of biosurfactants in activated sludge and thereby increase Gordonia-related foaming. In fact, this behavior of G. amarae could be investigated for beneficial production of biodegradable biosurfactants using waste fats, oils, and greases that can replace synthetic surfactants. Figure 3 Trehalose lipid concentration in G. amarae culture broth using (a) hexadecane, and (b) hexadecane + acetate as sole carbon source
